. However, there is at least one critical problem with these mechanisms: they all require a 'warm Titan' during its early history. For photolysis and shock heating, Titan would have required a prolonged, thick and warm NH 3 proto-atmosphere generated by substantial melting and vapourization of surface materials during accretion 7, 8 , which would have resulted in the rock-ice differentiation required for the production of endogenic N 2 4 . However, recent gravitational data from Cassini 5 reveal that Titan's interior is incompletely differentiated, suggesting that substantial melting and vapourization would have been unlikely 7, 13 . Consequently, the proto-atmosphere would have been tenuous and short-lived 7, 13 , meaning in turn that photolysis and shock heating are unlikely to have been We investigate the importance of post-accretion exogenic events in converting NH 3 to N 2 , especially cometary impacts during the LHB, which occurred at ~3.9 billion years ago In the present study, we conducted impact experiments to determine the efficiency of N 2 production from ammonium hydrate (NH 3 -H 2 O) ice. Because of both the difficulties in direct measurements of impact-induced gas species due to chemical contamination (such as, gun debris and combustion gases) by powder and light-gas guns and in the preparation of ice targets, impact chemistry of planetary ices has been poorly investigated. We develop a new experimental system: a chemically clean technique to accelerate projectiles with a high-energy laser pulse (laser gun) combined with isotopic-labelling and target-preparation techniques for Based on the present experimental results, we calculated the N 2 supplied by a cometary impact on Titan, based on numerical impact simulations using a three-dimensional smoothedparticle-hydrodynamics (SPH) method (Supplementary Information). The mass for partial and complete N 2 degassing in the target reaches ~8 times the impactor mass. More than 90% of supplied N 2 is derived from the dissociation of NH 3 in Titan, when the concentrations of NH 3 , n NH3 , in both the impactor and target are the same. To investigate the evolution of Titan's N 2 inventory during the LHB, we conducted a one-box model calculation considering the impactinduced supply and loss of N 2 (Supplementary Information). We consider that the supplied N 2 is given surface temperature 15 . We take into account the loss of atmospheric N 2 by subsequent impacts, using the atmospheric-erosion model given by three-dimensional multi-material hydrocode calculations 16 , and the impact-induced ballistic escape of surface N 2 ice, based on the present SPH results (Supplementary Information).
We consider two extreme primordial Titans as initial conditions: an airless cold Titan and a relatively warm Titan, as proposed previously, with substantial N 2 and CH 4 on its surface 17 .
Even if Titan starts with an airless, cold environment (surface temperature T surf ≈ 60 K), its N 2 inventory reaches a pressure of one to several bars in the LHB aftermath, depending on n NH3 on Titan and impactor radius r p (Fig. 2a) . Accumulation of the current N 2 inventory on a cold Titan requires only 1-2% of n NH3 on Titan (Figs 2a and 3) , which is consistent with both the proposed n NH3 level in the satellitesimals that formed the Saturnian system (~0.5-4.5%) 11, 12 and constraints from Enceladus' plume (~1-4%; see the caption to LHB, and impact-induced N 2 would have become dominant in the aftermath of the LHB (Fig.   2b) . To accumulate the current N 2 inventory on a warm Titan, n NH3 on Titan would have been ~2-4% (Fig. 3) , which is also within the range of the proposed n NH3 in satellitesimals, although close to the upper limit. Such a n NH3 might have been achieved in the NH 3 -rich ocean beneath Titan's surface 5, 8 . Alternatively, CH 4 may have been lost as a result of impacts, which would have led to a decline in T surf and accumulation of N 2 . Based on these results, we conclude that 
Methods
The laser gun uses a high-energy laser pulse (a Nd:YAG (oscillator) and Glass (amplifier) laser with energy of ~10-40 J and laser spot diameter of ~800 µm) for acceleration of a projectile. A laser pulse was irradiated on a gold (Au), platinum (Pt), or cupper (Cu) foil (thickness of 2.5 and 10.0 µm for Au, 5.0 µm for Pt, and 3.0 µm for Cu) set in a vacuum chamber (Supplementary Fig. 2 ). The gas species formed by impacts were analysed with a quadrupole mass spectrometer (QMS) connected with the vacuum chamber. We obtained the amount of N 2 production by measuring the QMS signal for 15 N 2 after impact ( Supplementary Fig. 3 ). Impact velocities and peak shock pressures achieved by the impacts were calculated by an empirical equation and the one-dimensional impedance-match solution with the planar-impact approximation based on the Hugoniot equations, respectively. Correspondence and requests for materials should be addressed to Y.S. 
